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Abstract
This thesis introduces a quasi-mode for 1DOF rotation during bimanual midair
3DOF rotation. Several existing interaction techniques for 3D rotation are analysed.
2D input devices, such as mice, lack a direct mapping between the virtual and
real world. 3D interaction techniques, such as hand-tracking in midair, alleviate
this limitation by mapping object manipulation to real world tasks with the aid of
metaphors. The benefits and limitations of existing metaphors, such as the sheet-
of-paper and handle bar metaphor are discussed, upon which a new interaction
design BASH is proposed. The compliance of BASH with various guidelines for
asymmetric bimanual gesture design is discussed. A detailed mathematical model
for each feature in BASH is provided with consideration of possible interferences
between individual actions.
The advantages of providing constrained rotation are outlined in a quantitative
study, which was conducted with a prototype containing the elements relevant to
rotation. The results indicate that fixed rotation is faster and more accurate for
1DOF tasks and independent of the users’ mental rotation ability. This is evidence
which supports the design choice of a quasi-mode for fixed rotation.
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Conventions
Throughout this thesis, the following conventions are used:
Text conventions
Definitions of technical terms or short excursus are set off
in coloured boxes.
EXCURSUS:
Excursus are detailed discussions of a particular point in
a book, usually in an appendix, or digressions in a writ-
ten text.
Definition:
Excursus
The thesis is written in British English. The first person is
written in plural form.
Mathematical conventions
If nothing else is specified, all axes refer to the coordinate
system depicted below.
z
y
x
If n is a vector, then nˆ is the normalised vector.
All error bars are constructed using a 95% confidence inter-
val of the mean.
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Introduction
Most current Computer Aided Design (CAD) Systems still Usability of 2D input
devices in 3D
environments is
limited.
use two dimensional input and output devices: a mouse for
input and a flat screen for output. The user wants to specify
shapes, positions and orientations of objects in a virtual 3D
scene. These tasks usually require the user to specify three
or more variables (e.g. the (x, y, z) components of a trans-
lation). However, a 2D mouse does not allow the specifica-
tion of these three variables in a direct and intuitive man-
ner. It requires the user to switch the planes in which he
operates or work with specific constraints.
In order to solve this problem, there are specific 3D input Hand tracking
provides the ease
with which humans
employ their hands in
everyday life.
devices on the market, such as 3D mice, which are still not
as intuitive and direct as a 3D input method. This is due to
the fact that object rotation is still mapped to the rotation of
a tool. An even more direct method for interaction in a vir-
tual environment is hand tracking. It is one of the favoured
approaches because it integrates the ease with which hu-
mans employ their hands in everyday life. Using everyday
two-handed actions as metaphors for computer interaction
assists in learning this interaction style.
In order for bimanual input to be effective, it must be de- Design
considerations are
necessary, due to the
complexity of
bimanual input.
signed carefully. A classic criticism of two handed input
is the “tapping the head and rubbing the stomach” argu-
ment. Performing different actions with each hand simul-
taneously is difficult for most humans without considerable
2 1 Introduction
training. But if used properly, bimanual input can increase
the bandwidth of input and therefore results in better per-
formance than one-handed input (Owen et al. [2005]).
One of the reasons for the failure of bimanual interac-Divided attention
problem results
switching costs.
tion designs is the divided attention problem (Kahneman
[1973]). When there are multiple sources of information
(e.g. two cursors), the user has to make a choice where
he wants to direct his attention. This results in switching
costs. Bimanual interaction works well when, for example,
scaling and moving a rectangle by controlling its two oppo-
site corners (Casalta et al. [1999]). The operations of moving
and scaling are visually integrated and acan be cognitively
chunked as one task.
1.1 Research Questions
The bimanual rotation technique presented in this thesisIs fixed rotation fast
enough? contains a quasi-mode for fixed rotation. Previous studies
have shown that free rotation is generally the fastest and
most intuitive way to achieve rotation matching tasks, in
midair as well as with a mouse (Chen et al. [1988], Jacob
et al. [1994]). However, other studies (Veit et al. [2009]) have
shown that certain tasks are easier to achieve if the rotation
is fixed to one axis. For the fixed rotation to be of use, the
axis fixation and subsequent angle specification needs to be
achievable with sufficient precision and speed. This is in-
vestigated in form of a quantitative study in this thesis.
1.2 Contributions
The main contribution of this thesis is a bimanual quasi-
mode rotation technique embedded in the interaction de-
sign BASH, its partial implementation and an evaluation of
certain key factors (speed and accuracy of rotation) in the
form of a quantitative study. BASH combines two exist-
ing metaphors in order to provide an overall more efficient
interaction. BASH focuses on consistently avoiding the
divided attention problem and complying with Guiard’s
1.2 Contributions 3
principles for bimanual interaction. The efficiency and ben-
efits of BASH are underlined by a quantitative experiment.

5Chapter 2
Related work
This chapter focuses on the literature which lead to the evo-
lution of BASH and the research questions investigated in
chapter 4—“Quantitative Study”. It covers existing rota-
tion techniques and contains a discussion of benefits and
limitations. It also contains the guidelines with which
BASH was designed and explains these guidelines with
concrete examples.
2.1 3D Rotation Techniques with Input
Devices
Several techniques for interactive 3D rotation have evolved,
making use of different input devices. The main categories
can be separated as follows:
2.1.1 2D Controllers
Virtual Sphere
This 2D interface simulates a physical trackball. The vir- The virtual sphere
simulates a physical
trackball.
tual object is shown on the screen, and when the user drags
on the object, the movements are applied to the simulated
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trackball. To provide the third degree of freedom, a circle is
drawn around the object, and when the user clicks outside
this circle, the rotation is constrained to the axis perpendic-
ular to the computer screen.
Arcball
This technique is similar to the virtual sphere, but is a math-Arcball is described
as the best known
2D technique for 3D
rotation.
ematically more elegant implementation. Arcball has been
described as the best known 2D technique for 3D rotation
(Shoemake [1992]). With the virtual sphere, some orienta-
tions can only be achieved by performing multiple rota-
tions. Theoretically, Arcball permits the user to rotate an
object 360◦ around any axis with a single mouse drag. In
practice however, most users cannot anticipate where to
start and end their dragging motion.
2.1.2 3D Controllers
3D input devices come in many shapes and designs. Basi-
cally, they can be separated into the following categories:
3D Ball
The 3D ball (Figure 2.1) acts as an absolute rotation con-The 3D ball is an
absolute rotation
controller.
troller. The orientation of the object being manipulated al-
ways matches the orientation of the 3D ball. With the addi-
tion of a clutching mechanism for engaging and disengag-
ing the ball from a virtual object, it is possible to use the 3D
ball as a relative rotation controller. Other ball-shaped 3D
controllers provide buttons for clutching or other functions
integrated into the device.
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Figure 2.1: The 3D ball input device. This input device acts as
an absolute controller.
Trackball
The second type of 3D input controller is the trackball (Fig- The trackball
stabilises the users
movement while
providing up to
6DOF.
ure 2.2). The rotation of the virtual object is mapped to
the rotation of the trackball. These trackball devices ben-
efit from the fact that the user can rest his arm on the table
as if using a mouse and his movements are stabilised.
Figure 2.2: The trackball. The user can rest his arm on the table,
which stabilises his movements.
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2.2 Midair
Midair rotation techniques provide the ease with which hu-Midair interaction
over the keyboard in
front of the screen.
mans employ their hands in everyday life. No additional
hardware is needed immediately on the desk, the user can
perform rotations at will in midair above traditional I/O
devices like mouse and keyboard. Different bimanual rota-
tion techniques are presented in the following sections.
2.2.1 The Sheet-of-Paper Metaphor
Several methods for bimanual rotation in midair have beenAn object can be
rotated the same way
as one rotates a
sheet of paper.
developed. The first one to be presented is the so called
sheet-of-paper metaphor presented by Wang et al. [2011]
The user can rotate an object the same way as if he were
rotating an imaginary piece of paper with two hands. There
are three different gestures for rotating the object around
the three axes respectively. These gestures are depicted in
Figure 2.3. Rotating the sheet about the y or z axis involves
moving the hands in opposite directions along the xz- or
xy-plane respectively. To rotate the paper about the x axis,
one lifts or lowers the hands while bending the wrists. This
method has several benefits and limitations:
Benefits:
• Object translation and object rotation can be per-
formed simultaneously.
• All three axes can be manipulated without having to
reposition the hands.
Limitations:
• Due to occlusion problems, hand position can, in gen-The sheet-of-paper
metaphor requires
tracking of hand
position and
orientation.
eral, be detected more accurately than hand orienta-
tion. The “sheet-of-paper” metaphor uses hand posi-
tion for manipulating the y and z rotation but hand
orientation for the x rotation. Therefore, depending
on the system setup, rotation around the x axis may
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Figure 2.3: Gestures for rotation around the x, y and z axis.
(Adapted from Wang et al. [2011])
not be as accurate as the other two axes. However,
this is a technical concern, which does not necessarily
have to influence the best design choice.
• 360◦ rotation without regrabbing the object can only User has to regrab
object due to
limitations of the
human wrist.
be achieved around the y and z axis. Due to the physi-
cal limitation of the human wrist, the user cannot per-
form a 360◦ rotation around the x axis. He is forced
to regrab several times. A possibility to relieve this
limitation is to amplify the rotated angles to minimise
motion.
2.2.2 The Handle Bar Metaphor
The next method presented is the handle bar metaphor,
which is a bimanual interaction technique designed for the
Microsoft Kinect by Song et al. [2012]. With this technique,
the user manipulates objects bimanually as if they were
skewered on a handle bar (see Figure 2.4).
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Figure 2.4: The handle bar metaphor: object (tea pot) can be
manipulated as if skewered on a handle bar, which can be moved
with both hands. (Adapted from Song et al. [2012])
Free Rotation
When the user closes his hands around the virtual handleObject is
manipulated as if
skewered on a
handle bar.
bar, he can rotate the object as if it were on the bar. Rotation
around the y and z axis works analogously to the sheet of
paper metaphor with a fist gesture instead of a pinch ges-
ture. Due to the low resolution of the Kinects image, ori-
entation of a fist cannot be stably detected. Therefore, the
authors created a different technique for rotation around
the x axis. The user can execute an appropriate concurrent
bimanual rotation about the y and z axes simultaneously,
later referred to as a “pedaling” motion. This rotates the
object incrementally around the x axis (see Figure 2.5).
Constrained Rotation
The user also has the possibility to perform constrainedConstrained Rotation
allows rotation
around one axis.
rotation. Sometimes, the user might want to make a fast
2.2 Midair 11
Figure 2.5: The “pedaling” motion: incremental x axis rotation
using continuous rotation around the y and z axes. (Adapted
from Song et al. [2012])
and precise rotation about a specific straight line. In this
case, constrained rotation is preferable (see section 2.3—
“Separability of Rotation DOF”). In order to begin with a
constrained rotation, the user has to draw a crank in midair
(see Figure 2.6). With this virtual crank, he can then rotate
the object around one axis.
The handle bar metaphor also has several benefits and lim-
itations (Song et al. [2012]):
Benefits: Handle bar metaphor
is stable and flexible.
• All gestures use hand position as opposed to hand
orientation. This ensures stable detection by the
Kinect.
• The interaction design contains gestures for free and
constrained rotation. This allows the user to manipu-
late individual axes one at a time, if he desires.
• Support for both object and non-object centered ma-
nipulation is provided. The user can manipulate the
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Figure 2.6: The “cranking” motion: constrained rotation around
the handle bar with the aid of a virtual crank. (Adapted from Song
et al. [2012])
position of the handle bar to any location relative to
the selected 3D object.
• Unlike the “sheet-of-paper” metaphor, this interac-
tion technique allows a 360◦ rotation around all three
axes at any point in time, without the necessity of
repositioning the handle bar several times.
Limitations:Pedaling motion is
unintuitive and tiring.
• The “pedaling” motion for rotation around the x axis
is not intuitive for inexperienced users.
• During a user study, some users complained of arm
fatigue after 20-30 minutes. This is a general draw-
back for all midair gestures which provide no physi-
cal support to the outstretched arms.
• The bimanual asymmetric gestures caused memory
lapse for some of the users.
2.2.3 Grabbing Techniques
Before implementing a rotation technique, a consistent
grabbing technique needed to be specified. The act of grab-
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bing and rotating are closely related, because grabbing of-
ten precedes rotation. According to Zachmann [2000], grab-
bing is mostly realised by using one of the following tech-
niques:
• Single-Step: The object is attached to the hand at a cer-
tain event (e.g. spoken command, gesture)
• Two-Step: In the first step, the user switches into a
“grabbing mode” (e.g. spoken command, gesture).
In the second step, the object is attached to the users
hand, usually by collision detection.
• Natural: In this technique, the user closes his fingers
around the object with a physical grabbing motion.
• Dwell Time Threshold: Here the user lingers with his
hands on an object, which results in the object being
grabbed after a certain amount of time.
Each technique has its own limitations. Dwell time thresh- Natural grabbing is
the “best” technique.olding induces a constant lag in the interaction. In the
single- and two-step technique it is possible for the user to
forget the command for grabbing, particularly if the inter-
action design contains a lot of commands or gestures. Ad-
ditionally, the two-step grabbing technique is modal, which
can always result in mode errors (see Norman [1983]).
While natural grabbing is probably the technique with the
least flaws for the user, it is also the hardest to implement
so that it works consistently. Both the grabbing gesture and
the collision with the desired object need to be detected,
preferably at the same time.
2.3 Separability of Rotation DOF
Integrating degrees of freedom (DOF) means permitting a Each Task has a
perceptual structure,
either integral or
separable.
user to manipulate several attributes of an object simultane-
ously, whereas separating DOF constrains the user to ma-
nipulation of only certain attributes at once. Jacob et al.
[1994] introduced the integrality and separability of the
perceptual structure of an input device. Every task has
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its own perceptual structure. The perceptual structure of
a task is integral if the semantic difference between the at-
tributes is low. The perceptual structure of a task is sepa-
rable, if the semantic distance between the attributes is im-
portant. For example, value (lightness) and chroma (satu-
ration) of a colour are perceived integrally, while size and
lightness of an object are perceived separably (Handelt and
Imai [1972]). Jacob et al. showed that to obtain the best
performance, the perceptual structure of the input device
needs to correspond to the perceptual structure of the task.
Previous studies (Hinckley et al. [1997], Poupyrev et al.Studies confirm that
rotation
performances are
better with 6DOF
devices.
[2000]) have confirmed that six DOF input devices reduce
task completion times. For example, Chen et al. [1988] per-
formed a study where users carried out orientation match-
ing tasks with sliders having a separable perceptual struc-
ture, and a six DOF input device, which had an integral
perceptual structure. While the precision remained simi-
lar, achievement times for the six DOF device were signifi-
cantly lower than for the sliders.
So while integrated degrees of freedom generally permitNo existing research
for separable rotation
tasks, i.e. rotations
around one axis.
faster completion times for orientation tasks which require
rotation around 3 DOF, none of the above analysed the per-
formance when the orientation tasks structure is separable.
For example, if the rotation tasks are only around one axis,
an input device with a separated perceptual structure could
be superior.
Veit et al. [2009] investigated this influence of the integra-
tion and separation of the DOF on the users’ performance
during 3D orientation tasks. They also measured the num-
ber of DOF simultaneously manipulated during an orienta-
tion task. The context of this study is presented in the fol-
lowing three sections and the results are presented in sec-
tion 2.3.4—“Impact on Task Completion Times” and section
2.3.5—“Impact on DOF” and the
2.3.1 Task Conditions
In order to inspect the above, Veit et al. distinguished be-
tween the following types of orientation complexity:
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• Simple Orientations: for these tasks, the object only
needed to be rotated around one axis to reach the tar-
get position.
• Complex Orientations: for these tasks, the object
needed to be rotated around several axes to reach the
target position.
For each task, they distinguished between small and large
orientations regarding the minimal amplitude of the rota-
tion:
• Small Orientations: for these tasks, the object needed
to be rotated by less than 60 degrees.
• Large Orientations: for these tasks, the object needed
to be rotated by more than 60 degrees.
2.3.2 Measurements
They recorded the following variables for all tasks:
• Angular Distance (in degrees): the final angular dis-
tance between the manipulated object and the target.
• Achievement Time (in seconds): the time elapsed un-
til the last rotation was made.
• Coarse Achievement Time (in seconds): the time
elapsed until the angular distance was lower than 18
degrees for the first time.
• Finer Achievement Time (in seconds): the time
elapsed until the angular distance was lower than 9
degrees for the first time.
• Number of DOF (in percent): the amount of time ma-
nipulating one, two or three DOF respectively.
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Figure 2.7: The four mappings between the hand movement and the rotation of the object.
The right hand controls two axes (1, 2) while the left hand controls the third (3). The
upward movement of the left hand results in the same rotation as the same motion with the
right hand (4).
2.3.3 Compared Techniques
The tasks were executed with two different interactionThe rotation tasks
were performed with
an integrated and
separated input
technique.
techniques. In the first technique, the users rotated a phys-
ical cube in midair and the rotation of the target object was
mapped to the rotation performed on the physical cube.
This was the integrated DOF technique. In the second tech-
nique, the rotation was executed on a plane. This was the
separated DOF technique. The dominant hand gave the
user access to two specific axes of rotation and the non-
dominant hand gave him access to the third axis (see Figure
2.7). This eased the tasks decomposition into DOF, but the
user could also manipulate several DOF simultaneously by
using both hands at the same time or by performing trans-
verse movements on the screen. There were several conclu-
sions drawn after this study, the most relevant of which are
presented below. These results were the building blocks for
this thesis.
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2.3.4 Impact on Task Completion Times
The input technique had a significant effect on the achieve-
ment times of rotation tasks. The details are listed below:
• The mean coarse achievement time is 16.72% faster Separated technique
was faster for
complex tasks.
for the separated input technique than for the inte-
grated input technique. The difference is significant
for simple orientations and large orientations.
• The mean finer achievement time was 11.61% faster
using the separated input technique. Here also, the
difference was only significant for the simple orienta-
tions and large orientations.
An explanation for the results above is that users subset Users subset
complex tasks.complex tasks into smaller tasks of 1DOF each. In this case,
the separated input technique aids the tasks decomposition
into individual DOF and therefore results in faster achieve-
ment times.
It must be kept in mind that Veit et. al used a midair inter- Integrated technique
was in midair while
the separated
technique was on a
surface.
action technique for the integrated rotation but used a pla-
nar interaction technique for the separated rotation. There-
fore it cannot be concluded whether the results can be gen-
eralised to pure midair interaction or not. This generali-
sation to midair interaction is investigated in chapter 4—
“Quantitative Study”. If the results can be generalised to
midair, they will provide evidence that the fixed rotation
quasi-mode in BASH is a benefit.
2.3.5 Impact on DOF
As mentioned previously, Veit et al. measured the num- Users tend not to
manipulate 3DOF
simultaneously.
ber of DOF simultaneously manipulated during each task.
Users only manipulated three DOF during 8.75% of the
time with the integrated input technique. During 52% of
the time, they manipulated two DOF simultaneously. This
confirms that mental rotation around three axes is very dif-
ficult. Users are usually not able to manipulate all three
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DOF at the same time, even when using an integrated in-
teraction technique. Instead they try to decompose the task
into more simple orientations. When using the separated
interaction technique, users manipulated one DOF at a time
during 80% of the time. This confirms that the separated
input technique eases the tasks decomposition into three
tasks of one DOF each.
From the results we can conclude that users tend to de-
compose orientation tasks into two phases. During the firstTasks are
decomposed into two
phases, the first with
an integral structure,
the second with a
separable structure.
phase, users try to coarsely orientate the object, integrating
the DOF. During this phase, an input technique which in-
tegrates the DOF is beneficial because it provides the user
with the same perceptual structure. During the second
phase, the users try to make small adjustments to rotate the
object into an accurate position. In this phase, the separated
input technique is beneficial, because the users can succes-
sively align the object around the three axes of rotation.
2.4 Guiard’s Principles for Bimanual In-
teraction
Different kinds of manual interactions can be classified as
follows:
• Unimanual interactions: These are realized with one
hand, e.g. turning a door handle.
• Bimanual interactions: These are realized with two
hands which can be divided into
– Symmetric bimanual interactions: e.g. riding a bi-
cycle, steering a car.
– Asymmetric bimanual interactions: e.g. playing the
guitar, playing the piano, eating with knife and
fork.
Guiard [1987] presented a theoretical model for human
bimanual, asymmetric interaction. The relevance of this
model is limited for unimanual and symmetric actions due
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to their lack of complexity. When designing asymmetric bi- Bimanual
asymmetric
interactions should
comply with Guiard’s
principles.
manual gestures however, it is important to bear Guiard’s
principles in mind. In the following sections, Guiard’s prin-
ciples for bimanual interaction are presented and explained
with the example of driving a nail into a wall with a ham-
mer. The dominant hand is referred to as the right hand
and the non-dominant hand is referred to as the left hand.
The principles for left-handed people are the same, just mir-
rored.
2.4.1 Right-to-Left Spatial Reference in Manual
Motion
According to this principle, motions of the right hand find Right hand operates
in space prepared by
the left hand.
their spatial references in the results of motions of the left
hand. An example is hammering a nail into a wall. The left
hand immobilises the nail against the wall while the right
hand uses the hammer (see Figure 2.8)
Figure 2.8: Right-to-Left Spatial Reference in Manual Motion:
The right hand operates in the space which the left hand has pre-
pared for action.
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2.4.2 Left-Right Contrast on the Spatial-Temporal
Scale of Motion
The right and left hand are on opposite sides of the spatial-
temporal scale of motion (see Figure 2.9).
Figure 2.9: The Spatial-Temporal Scale: The right hand makes
short movements frequently while the left hand makes large move-
ments less often.
On the spatial axis, the right hand performs shorter andRight hand performs
short motions
frequently. Left hand
performs large
motions infrequently.
more accurate motions (moving the hammer up and down
on the nail) while the left hand performs larger motions
(grabbing a new nail from the box). On the temporal axis,
the right hand performs more frequent actions (hammer
has to be lifted and dropped many times on the nail head)
while the left hand performs motions with less frequency
(holding the nail in place for the hammer to hit).
2.4.3 Left Hand Precedence in Action
According to this principle, the left hand’s contribution toLeft hand operates
before right hand. the current action starts before that of the right hand. For
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the hammer-nail example, this is the case when the left
hand grabs a nail and places it against the wall before the
right hand starts hammering (see Figure 2.10).
Figure 2.10: Left Hand Precedence in Action. The left hand’s
contribution starts before that of the right hand.
The compliance of BASH with Guiard’s principles is
demonstrated in section 3.4—“Compliance with Guiard’s
Principles”. This chapter presented a discussion of differ-
ent interaction techniques. The following chapter presents
the interaction design BASH as a result of the conclusions
drawn out of this chapter.
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Chapter 3
The Interaction Design –
BASH
The final interaction design contributing to this thesis is
a Bimanual Asymmetric interaction design combining the
Sheet-of-paper metaphor and Handle bar metaphor, fur-
ther referred to as BASH. It provides free rotation with a
quasi-mode for fixed rotation. It attempts to combine the
benefits of both metaphors to provide a richer interaction.
Even though it solves some of the problems of each interac-
tion technique, it also exhibits some new limitations. BASH
is presented in detail in this chapter.
3.1 Free Rotation
Free Rotation works similarly to the sheet-of-paper Free rotation is
based on
sheet-of-paper
metaphor.
metaphor for rotation around the x and z axis. The user
can grab the virtual object with both hands using a pinch-
ing gesture as if to grab a sheet of paper at two ends and
then rotate the object by moving his hands in the xy or zy
plane. Rotation around the y axis however, is different to
the sheet-of-paper metaphor. Instead of tracking hand ori-
entation and the bending of the wrists, the object must be
grabbed at the top and at the bottom and then the hands
moved in the xz plane (see Figure 3.1).
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Figure 3.1: Rotation around y axis. Left: Sheet-of-Paper
metaphor. Right: BASH
3.1.1 Mathematical Model
The free rotation technique in BASH is built according to
the following mathematical model :
pih ··= Position of the hand h ∈ {L,R} in frame i.
nˆi ··= Normalised vector between left and right hand in
frame i.
nˆi =
piR − piL
‖piR − piL‖
θi ··= Axis of rotation (through object centre) in frame i.
θi = nˆi−1 × nˆi
αi ··= Angle of rotation in frame i.
αi = arctan2(‖θi‖, nˆi−1 · nˆi)
RiFree ··= Free Rotation around θi of angle αi.
To summarise the above, as soon as the object is grabbed,
θi is computed as the vector perpendicular to the plane de-
fined by the previous and current position of both hands.
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Subsequently, αi is computed, which together with θi forms
RiFree and is then applied to the object as a transformation
matrix. This computation of RiFree takes place incremen-
tally in every frame, until the object is released.
3.1.2 Benefits and Limitations
The benefits and limitations of this gesture for rotating an
object around the y axis in comparison to the sheet-of-paper
and handle bar metaphor are listed below.
Benefits:
• The handle bar metaphor rotates an object around the Rotation around y
axis is more intuitive
in BASH.
y axis with the aid of the pedaling motion, which is
not intuitive. However, grabbing an object at the top
and bottom and flipping it is an everyday action, and
therefore intuitive. Also pedaling is a relative posi-
tioning technique which could be slower if one has to
perform a large rotation.
• The sheet-of-paper metaphor uses hand orientation to BASH only relies on
tracking of hand
position.
detect rotation around the y axis. Hand orientation is
harder to track and more prone to error than hand
position. However, BASH uses hand position to track
rotation around the y axis. This can be more stably
tracked.
• This gesture also removes the limitation of the human
wrist. The object can be rotated 360◦ without the need
to regrab.
• The movement direction is consistent. The movement
of the hands is always in the plane orthogonal to the
axis of rotation.
Limitations:
• The user is not constantly able to manipulate all three Regrabbing is
necessary.DOF without regrabbing in between. For example, if
he has grabbed the object on the left and right side,
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he can not rotate the object around the y axis without
either rotating the object 90◦ around the x axis first or
alternatively releasing the object first and then repo-
sitioning his hands.
3.2 Fixed Rotation
The fixed rotation quasi-mode provides the user with the
option of performing constrained rotation at any point in
time. The reason why constrained rotation can be of benefitFixed rotation
quasi-mode is based
on the handle bar
metaphor.
is explained in section 2.3—“Separability of Rotation DOF”.
The fixed rotation technique is inspired by the handle bar
metaphor. The user can switch into the fixed rotation quasi-
mode by releasing the object with one hand and forming
a fist with the other, as if grabbing a crank. He can then
rotate this hand, rotating the virtual crank (see Figure 3.2).
The axis of rotation is the line between the two hands just
before the user released the object with one hand.
Figure 3.2: Gesture for fixed rotation. Left: Object is grabbed in
free rotation mode. Centre: One hand forms a fist, which triggers
the fixation of the axis. Right: Fist performs cranking motion to
rotate the object around the fixed axis.
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3.2.1 Mathematical Model
The mathematical model of the fixed rotation technique in
BASH is presented below:
As soon as the object is released with the right hand, the
axis of rotation is determined:
θi =
pi−1R − pi−1L
‖pi−1R − pi−1L ‖
Then, when the right hand forms a fist, the angle of rotation
is computed:
αi = arctan2(‖θi‖, piR · pi−1R )
RiF ixed ··= Fixed rotation around θi with amplitude αi.
To summarise the above, as soon as the object is released by
the right hand, the axis of rotation θi is determined. As soon
as the right hand forms a fist, αi is computed and RiF ixed is
applied to the object. Until the object is released by either
the left or right hand, RiF ixed is computed and applied in
every frame. During this time, θi remains constant. As soon
as the object is released by either hand, the fixed rotation is
terminated. The whole mechanism works analogously, if at
the beginning, the object is released by the left hand instead
of the right hand.
3.2.2 Benefits and Limitations
Again, BASH attempts to use the benefits of the handle bar
metaphor and remove some of the limitations:
Benefits:
• Entering the cranking mode is less complicated than
with the handle bar metaphor, where the user has to
open his fist, draw a crank, and then reform a fist to
grab the crank again. Here the user just has to form a
fist and can start cranking.
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Limitations:
• The user needs to have grabbed the object with both
hands, before he can enter the fixed rotation quasi-
mode. Otherwise the rotation axis is ambiguous.
3.3 Further Object Manipulation Tech-
niques
Further object manipulation like translation and scaling canBASH contains
translation and
scaling.
also be integrated into BASH. Translation can be achieved
by grabbing an object and moving both hands while main-
taining a constant distance between both hands. Scaling
can be achieved by grabbing an object and then decreasing
or increasing the distance between the two hands. These
features were not implemented in the prototype as they
were not needed for the experiment. They are however,
embedded in the interaction design in order to show that
BASH can be extended to further interactions. In future
work, BASH could be provided with these features, by im-
plementing the following mathematical models for scaling
and translating.
3.3.1 Scaling
Scaling can be achieved by increasing or decreasing the dis-The model resolves
accidental scaling
during rotation of an
object.
tance between the two hands while grabbing an object. Un-
fortunately, this technique would lead to an accidental scal-
ing when rotating or translating an object, because it is dif-
ficult for the user to keep his hands at a constant distance
to each other when rotating or translating an object. A suit-
able mechanism is needed for determining when the ob-
jects scale should be coupled to the hands’ movement or
not.
This mechanism in BASH is inspired by the grabbing mech-
anism from Schlattmann and Klein [2009] and is presented
below:
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ti ··= Time stamp of the frame i.
viS ··= Signed scaling velocity with which the hands are
moved together (positive) or apart (negative) between pre-
vious frame i− 1 and current frame i.
viS =
‖pi−1L − pi−1R ‖ − ‖piL − piR‖
ti − ti−1
viM := Manipulation velocity, which is the sum of the trans-
lational velocities of both hands minus the scaling velocity.
viM =
‖piL − pi−1L ‖
ti − ti−1 +
‖piR − pi−1R ‖
ti − ti−1 − |v
i
S |
With the help of manipulation and scaling velocity, the scal-
ing factor can be determined:
f iS =
{
sgn(viS) · (|viS | − viM ) , if |viS | > viM
0 , else
The scaling factor f iS is zero while the manipulation veloc-
ity is dominant. This ensures that the user can rotate and
translate an object without accidentally scaling it. When
the scaling velocity is dominant, the size of the currently
grabbed object can be incremented by f iS . If this mechanism
is too sensitive, an additional threshold can be introduced,
so that scaling is only triggered when the hands move to-
gether or apart at a certain speed. This threshold could be
determined in a short test scenario, where several users per-
form a scaling motion in midair while the velocities of their
gestures are recorded.
3.3.2 Translation
Translation can be achieved by bimanually moving the ob- Model resolves
ambiguity of
translation by
splitting it into a
symmetric and
asymmetric part.
ject from one position to another. This is simple when both
hands travel the same distance. It becomes more compli-
cated, when the user performs a translation and rotation
motion in one gesture. Therefore the translation needs to
be split up into a symmetric and an asymmetric part. The
symmetric part is used for translation and the asymmetric
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part is processed by the model for free rotation. The mech-
anism in BASH for computing translation is presented be-
low:
First, the total amount of translation is computed:
tih ··= Translation of the hand h ∈ {L,R} between frame
i− 1 and i.
tih = p
i
h − pi−1h
ti ··= Total amount of translation.
ti = 12(t
i
L + t
i
R)
Then, the amount of symmetric translation in percent is
computed:
µi ··= Ratio of symmetric translation.
µi =
{
0 , if tiL = t
i
R = 0
min(‖tiL‖,‖tiR‖)
max(‖tiL‖,‖tiR‖)
, else
s ··= Arbitrary factor to alter translation speed.
T i ··= Translation in frame i.
T i = s · µi · ti
To summarise the above, the translation is split into a sym-
metric and asymmetric part. The asymmetric part is pro-
cessed by the mechanism for free rotation. The symmetric
part (µi ·ti), together with the factor s, forms T i, which is the
translation to be applied to the object in the current frame.
If an object is grabbed, T i is computed and applied to the
object in every frame until the object is released.
3.3.3 Integration with One-Handed Interaction
Symmetric two-handed object manipulation is suitable as
an extension of one-handed manipulation (see Owen et al.
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[2005]). Only if high precision and control of the object are
needed, does using both hands improve the current task.
In BASH, the user can grab and move an object with one
hand.
3.4 Compliance with Guiard’s Principles
All the gestures in BASH are compliant with Guiard’s prin-
ciples for bimanual interaction. Guiard’s model is primar-
ily relevant for bimanual, asymmetric gestures. The only
gesture in BASH which fits into this category is the gesture
for fixed rotation. This gesture complies with all three of
Guiard’s principles: BASH complies with
all three of Guiard’s
principles.
• Right-to-Left Spatial Reference in Manual Motion: The
motions of the dominant hand find their spatial ref-
erences in the results of the motions of the non-
dominant hand. The non-dominant hand holds the
axis, while the dominant hand performs the cranking
motion around this pinned axis.
• Left-Right Contrast on the Spatial-Temporal Scale of Mo-
tion: On the spatial scale, the dominant hand per-
forms the accurate rotation necessary for acquiring
the desired angle, while the non-dominant hand just
holds the axis in place. On the temporal scale, the
dominant hand performs more motion, while the
non-dominant hand plays a passive, infrequent role.
• Left Hand Precedence in Action: The non-dominant
hand’s contribution to the task starts before that of the
dominant hand. The non-dominant hand first holds
the axis, only then does the dominant hand start per-
forming the cranking gesture.
3.5 Gesture Transition
The transitions between individual actions in BASH are State transition graph
is not complete.summarised in a state machine as shown in Figure 3.3. The
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Figure 3.3: State machine for gesture transition. Red transitions are missing from the
interaction design and represent limitations of BASH.
red transitions represent transitions which are missing from
BASH. These represent one of the limitations of BASH: it is
not possible to to perform fixed rotation without fixing the
axis first.
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Chapter 4
Quantitative Study
“Facts, and facts alone, are the foundation of
science. . . When one devotes oneself to experimental
research it is in order to augment the sum of known
facts, or to discover their mutual relations.”
—Franc¸ois Magendie 1944
This study was conducted in order to determine whether
axis and subsequent angle specification in midair can be
performed with sufficient accuracy and speed. The effi-
ciency of the fixed rotation quasi-mode depends on these
two factors. The detailed setup of the study is described in
this chapter.
4.1 Bimanual Rotation Prototype
The prototype provides the user with the possibility to
grab and rotate an object using a bimanual pinching tech-
nique. While BASH contains a natural grabbing technique,
this prototype implements the single-step grabbing tech- Single-step grabbing
technique sufficed for
this study.
nique (section 2.2.3—“Grabbing Techniques”). The object is
grabbed as soon as the distance between index finger and
thumb of the right hand falls below 1cm. For this study, a
single-step grabbing technique sufficed, due to the fact that
the participants only needed to manipulate one object. So
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the prototype only needed a binary state for grabbed and
released. When BASH is extended to multiple objects, a nat-
ural grabbing technique should be used. The icons rep-As additional
feedback, the icons
change colour when
the object is grabbed.
resenting the left and right hand on the screen turn green
when the object is grabbed in order to provide the user with
active feedback about the grabbing state (see Figure 4.1).
Figure 4.1: Left: Object is released. Right: Object is grabbed.
Markers change colour to signify the grabbed state.
More functionality like translating or scaling were not
added, because the main purpose was to implement the
prototype in order to test the users’ rotation performances.
The prototype was implemented for use with the Vicon1.
Reflective Markers are placed on the users’ hands and the
Vicon cameras can then track the markers in 3D. The cam-
eras are arranged in a cube around the user (see Figure 4.2),
allowing the markers visibility for basically all hand orien-
tations. The continuous tracking of the markers was a keyHand position could
be tracked
regardless of hand
orientation.
attribute to the interaction. If the markers disappeared for
any length of time, inconsistencies occurred in the interac-
tion. The cameras were fixed using an aluminium profile
construction instead of the standard tripods to ensure that
the cameras were not moved accidentally, which would re-
sult in a loss of tracking accuracy.
1http://www.vicon.com/
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Figure 4.2: Camera constellation as used during the study. The
hands were consistently tracked regardless of the orientation.
4.2 Background and Aims
An elaboration of the background for this study is pre-
sented in chapter 2—“Related work”. However, a brief
summary is provided below.
Previous studies have shown that free rotation is gener- Axis fixation and
angle specification
need to be
achievable with
sufficient accuracy
and speed.
ally the fastest and most intuitive way to achieve rotation
matching tasks, in midair as well as with a mouse (Chen
et al. [1988], Jacob et al. [1994]). A freehand interaction
technique has the advantage that it allows very direct ma-
nipulation of the object in 3D. However, other studies (e.g.,
Veit et al. [2009]) have shown that certain tasks are easier
to achieve if the rotation is fixed to one axis. In order to
have the best of both worlds in midair, BASH is proposed
as an interaction technique, which allows a fluent transition
between free and fixed rotation. Fixed Rotation consists of
two subtasks: First, specifying the axis and second, speci-
fying the angle. These two subtasks are investigated sepa-
rately in this study. For the fixed rotation to be of use, the
axis fixation and subsequent angle specification needs to be
achievable with sufficient precision and speed.
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The general aim is to find out whether rotation axis and
angle can be specified quickly and accurately. If this is the
case, we can focus on the fluent transition between the “free
rotation mode” and the “fixed rotation mode”.
4.2.1 Hypotheses
For this study, two hypotheses were made:
H1: Users are able to specify the axis of rotation regardless
of its direction.
H2: Users are able to rotate the object faster and more ac-
curately in fixed rotation mode (given that the axis of
rotation has already been fixed) than in free rotation
mode.
4.3 Method of Investigation
4.3.1 Study Design
The participants were students between the age of 20 and
28. The total number of participants was 15 (see section
4.3.5—“Sample Size Calculation”), not counting pilot stud-
ies. The tasks were “within-subject”, which resulted in 45
trials (3 interaction techniques× 3 axes× 5 angles) per sub-
ject. The order of the tasks was counterbalanced with a
Latin Square.
4.3.2 Tasks
The users were asked to perform a series of orientationHouse had to be
rotated into a given
orientation.
matching tasks in free and fixed rotation mode. The object
used for the matching task was always a house, similar to
the study performed by Chen et al. [1988]. On the left-hand
side of the screen, subjects were shown a solid-rendered,
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coloured house. The subjects were asked to match the ori-
entation of this house to a tilted house on the right-hand
side of the screen. The house was coloured differently on
all of its faces so as to aid the user in identifying these faces.
The tasks were always 1DOF rotations around either the x,
y or z axis and the target angles were 45◦,−60◦, 90◦, 135◦ or
−180◦.
The other tasks were axis placement tasks. Again, they Axis of rotation had
to be placed.were given a house on the left-hand side and a tilted house
on the right-hand side. The users had to place the appro-
priate axis for the given rotation. For the pilot study, the
axis was rendered as a line but for the study, the axis was
rendered as a very thin pipe, which improved perspectival
issues.
4.3.3 Procedure
The purpose of the study was outlined to all subjects. When
the signed consent form had been obtained, the subject par-
ticipated in the study, which had a duration of approxi-
mately 30 minutes. Reflective markers were attached to in-
dex finger and thumb of both hands.
The study included three tasks:
1. The user performed 15 rotation matching trials with Free rotation.
the free rotation technique. The rotation trials were
only around one axis at a time, so this task consisted
of 5 trials around the x, y and z axis respectively.
2. The user had to perform 15 axis matching trials. An Axis placement.
object was given before and after a rotation around
one axis. The user had to place this axis. The axes to
be specified were always either the x, y or z axis.
3. The user had to perform 15 rotation matching trials Fixed rotation.
with the fixed rotation technique. The object was al-
ready fixed to the appropriate axis, the user only had
to specify the angle of rotation. The appropriate axis
was highlighted in order to avoid confusion about
which axis the object was to be rotated around.
38 4 Quantitative Study
The order of these tasks was counterbalanced to cancel out
any learning or fatigue effects.
4.3.4 Measurement
EULER ANGLES:
The Euler angles are three angles in the xy, xz and yz
plane to describe the orientation of a rigid body in 3D
Euclidean space, introduced by Leonhard Euler.2
Definition:
Euler Angles
Throughout the study, time in ms and accuracy as three Eu-
ler angles was measured and logged for each task. The ac-
curacy of the axis placement was measured as the angle be-
tween target axis and the placed axis in the plane defined
by those two axes. The rotation accuracy of the object was
recorded when the participant indicated that he had fin-
ished rotating the object. The course of each task can be
Figure 4.3: Exemplary course of a rotation task fixed to the x
axis. The objects angle of rotation around the x axis is tracked
over time. The target angle is 45◦.
plotted as a graph of the current angle of the object over
time. As one can see in Figure 4.3, the course of each task
can be separated into two phases:
2Novi Commentarii academiae scientiarum Petropolitanae 20, 1776,
pp. 189–207 (E478)
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1. Ballistic: In this phase, the object is roughly aligned
according to the target orientation. The curve ap-
proaches the target angle comparatively quickly.
2. Fine-tuning: In this phase the user performs the final
adjustments. He generally under- and overshoots the
target orientation before reaching his desired level of
precision.
Criteria from Liu et al. [2009] was used in order to deter- Each task was
separated into
ballistic and
fine-tuning phase.
mine whether the rotation is currently in the ballistic phase
or fine-tuning phase. The analysis of this study was to
show whether the technique (“fixed” or “free”) had any ef-
fect on the ballistic or fine-tuning phase respectively. Al-
though there were three tasks, only task 1 and 3 are compa-
rable. Task 2 is reported with the aid of descriptive statis-
tics, e.g. distribution of the angular error as a histogram.
4.3.5 Sample Size Calculation
In order to calculate the sample size, power analysis was Study was performed
with 15 participants.performed on the data of the first pilot user. Unfortu-
nately with purely that data, the power analysis reported
that even with 30 participants there would still be a 41.23%
chance that type II errors would occur. Therefore, another
three pilot studies were performed and their data analysed.
After this, the power analysis reported that a significant ef-
fect (at α = 0.05) was very likely to occur with 10–12 par-
ticipants. To be on the safe side, the study was conducted
with 15 participants.
4.3.6 Statistical Methods
The variables used in this experiment were the following:
Dependent Variables: completion time in ms, accuracy in de-
grees
Independent Variables: task (free rotation, axis specification
or fixed rotation), rotation axes (x, y or z axis) and target
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angles.
The completion time and accuracy were compared using
mixed-model ANOVA. Users were treated as a random ef-
fect. (2 techniques × 3 axes). If the data, especially comple-
tion time, was not normally distributed, a log transforma-
tion was applied. If the sphericity assumption of the data
did not hold, the result was adjusted using the Greenhouse-
Geisser correction.
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Chapter 5
Results and Analysis
5.1 Achievement Time Analysis
5.1.1 Descriptive Statistics
To provide an overview on general tendencies, the mean
achievement times for the ballistic and fine-tuning phase
are plotted in Figure 5.1. The individual plots are sorted
by interaction technique and axis of rotation. The error
bars are constructed using a 95% confidence interval of the
mean. Three general tendencies can be observed from Fig-
ure 5.1.
• The rotation tasks were completed faster with the Fixed rotation faster.
fixed rotation technique than with the free rotation
technique in both the ballistic phase and the fine-
tuning phase.
• Variance in achievement times among target angles
was more pronounced with the free rotation tech-
nique.
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Figure 5.1: Mean achievement times over target angle sorted by interaction technique and
axis of rotation. Left: ballistic phase Right: fine-tuning phase
5.1.2 Fine-tuning Phase Analysis
The mixed-model analysis of variance for the time spent
in the fine-tuning phase delivered the results presented in
Table 5.1.
The axis of rotation, the target angle and the interactionTechnique has
significant effect. technique (free or fixed) have a significant effect on the time
spent in the fine-tuning phase. The main point of interest is
the significance of the technique, which confirms that fixed
rotation is significantly faster than free rotation for the fine-
tuning phase. However, there is an interaction between the
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Mixed-Model ANOVA Fine-Tuning Phase
Source DF DFDen F Ratio p-Value
Axis of Rotation 2 405 5.1093 0.0064∗
Target Angle 4 405 11.9353 < 0.0001∗
Axis of Rotation ∗ Target Angle 8 405 1.0224 0.4182
Technique 1 405 92.1455 < 0.0001∗
Axis of Rotation ∗ Technique 2 405 0.5006 0.6066
Target Angle ∗ Technique 4 405 3.9214 0.0039∗
Axis of Rotation ∗ Target Angle ∗ Technique 8 405 0.6821 0.7074
Table 5.1: Results of the mixed-model ANOVA for the time spent in the fine-tuning phase.
target angle and the interaction technique, which needs fur-
ther investigation. This interaction is visible in Figure 5.2
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Figure 5.2: Least square means of time in fine-tuning phase plot-
ted over interaction technique for each target angle. A unidirec-
tional interaction with different magnitudes between technique
and target angle is visible.
Figure 5.2 shows that the interaction between target angle Magnitude of effect
higher for large
angles.
and method is unidirectional. The mean times spent in the
fine tuning phase for each angle are always lower with the
fixed rotation rotation technique and higher with the free
rotation technique. However, there are different magni-
tudes of interaction effects. While the magnitude of effect
seems to remain relatively constant for the angles -60◦, 45◦
and 90◦, the magnitude of effect for the target angles 135◦
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and -180◦ is higher. This observation also corresponds with
observations made by Veit et al. [2009], where the advan-
tage of the separated interaction technique was only signif-
icant for larger angle amplitudes.
Simple Effect of Target Angle
The analysis of each individual target angle showed thatFixed rotation faster,
regardless of the
target angle.
the interaction technique had a significant main effect for
every target angle (p-value < 0.0001 for all 5 target angles).
This confirms that the observations made from Figure 5.2
are in fact significant. The fixed rotation technique was al-
ways significantly faster in the fine-tuning phase, regard-
less of the target angle.
Finally, in order to investigate the magnitude of effect, the
effect size was calculated (see Table 5.2). The Cohen’s d ob-
tained from the effect size calculation underline the obser-
vations made in Figure 5.2. The magnitude of effect grows
with the amplitude of the target angle, 45◦ having the low-
est (d = 0.5716) and -180◦ having the highest (d = 1.7204).
Effect Size Calculation
Target Angle Cohen’s d
-180◦ 1.72
-60◦ 0.82
45◦ 0.57
90◦ 0.91
135◦ 1.02
Table 5.2: Effect size calculation of the interaction technique on
the fine-tuning achievement times per target angle.
Simple Effect of Method
Now that the interaction in Figure 5.2 has been analysed
by target angle, this section analyses the interaction by
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method. The results of this analysis showed that for fixed Fine-tuning time
around z axis was
significantly shorter.
rotation, the axis of rotation had a significant effect (F2,196 =
4.78, p = 0.0094) on the time spent in the fine-tuning phase.
The effect is visible in Figure 5.3. The time spent in the fine-
tuning phase around the z axis seems to be shorter than
for the other two axes. Tukey’s honest significance test con-
firms precisely this. The reason for this cannot be explained
with any of the qualitative data gathered from the experi-
ment.
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Figure 5.3: Least square means of time spent in fine-tuning
phase for fixed rotation plotted over axis of rotation. Time for
rotations around the z axis is significantly lower.
5.1.3 Ballistic Phase Analysis
The mixed-model analysis of variance for the time spent Technique has
significant effect.in the ballistic phase delivered the results presented in Ta-
ble 5.3. The axis of rotation, the target angle, and the inter-
action technique have a significant effect on the time spent
in the ballistic phase. However, there is a significant in-
teraction between the axis of rotation and the target angle.
This interaction is clearly visible in Figure 5.4. This does not
directly affect our hypothesis, which is investigating the ef-
fect of interaction technique, but it is helpful to analyse this
interaction as well. It is not obvious which direction the in- Significant interaction
Axis of Rotation –
Target Angle.
teraction effect has. The three lines have different slopes for
different angles, and cross each other several times. There-
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Mixed-Model ANOVA Ballistic Phase
Source DF DFDen F Ratio p-Value
Axis of Rotation 2 406 4.9033 0.0079∗
Target Angle 4 406 7.3225 < 0.0001∗
Axis of Rotation ∗ Target Angle 8 406 2.2652 0.0223∗
Method 1 406 22.5027 < 0.0001∗
Axis of Rotation ∗ Method 2 406 0.0461 0.9549
Target Angle ∗ Method 4 406 0.7529 0.5565
Axis of Rotation ∗ Target Angle ∗ Method 8 406 0.9690 0.4597
Table 5.3: Results of the mixed-model ANOVA for the time spent in the ballistic phase.
fore, main effect analysis was performed first by target an-
gle, then by axis of rotation. The results of these tests are
presented in the following two sections.
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Figure 5.4: Means of time in ballistic phase over target angle
sorted by axis of rotation. The direction of the interaction is not
visible from this graph.
Simple Effect of Target Angle
Investigating all target angles individually, the following
observations were made:
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• The effect of the interaction technique was significant
for every target angle. This confirms that the fixed
rotation technique leads to faster achievement times
in the ballistic phase, regardless of the target angle.
• The axis of rotation was only significant for the target
angles -180◦ and 90◦. The reason for this significance
is explained in the following two paragraphs.
Regrabbing effect for -180◦ around z axis: The effect of the Regrabbing costs
time.axis of rotation on the ballistic phase for a target angle of
-180◦ is shown in Figure 5.5. The time spent in the ballis-
tic phase seems to be larger for the y axis and larger again
for the z axis. However, Tukey’s honest significance test
states that the level of the ballistic times for the x and y axis
are not significantly different, but the level of the ballistic
times for the z axis is significantly different to those of the
other two axes. These results correspond with an observa-
tion made during the study. In order to perform a 180◦ ro-
tation around the z axis without regrabbing, the users had
to cross their arms. Many users preferred to regrab sev-
eral times, rather than crossing their arms. The effect did
not occur around the other two axes, because BASH does
not require crossing of arms for large rotations around the
x and y axis.
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Figure 5.5: Least square means of time spent in ballistic phase
plotted over axis of rotation for the target angle of -180◦.
48 5 Results and Analysis
Hand repositioning for 90◦ around y axis: The effect of the
axis of rotation on the ballistic phase for a target angle of 90◦
is shown in Figure 5.6. The time spent in the ballistic phase
seems to be substantially larger for the y axis than for the
other two axes. Tukey’s honest significance test confirms
this observation. This result for the 90◦ task reflects one of
the flaws of BASH. The user cannot manipulate all 3 DOF
at all times. In this specific case, after having rotated theUser has to
reposition hands to
correct error.
object 90◦ downwards, he cannot correct errors around the
x axis without repositioning his hands. This is not the only
reason for the higher ballistic times spent around the y axis,
for the effect still occurs with less magnitude for the fixed
rotation technique, where per definition, there is no error
around other axes. So this could imply that rotation around
y has a more complicated cognitive process involved, be-
cause the rotation gesture does not have the same starting
position for the hands as the other two axes. The users have
to remember to reposition their hands, before being able to
rotate the object around the desired axis.
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Figure 5.6: Least square means of time spent in ballistic phase
plotted over axis of rotation for the target angle of 90◦. The time
around the y axis is significantly higher.
The Cohen’s d obtained from the effect size calculation
(d−180 = 1.0133 and d90 = 0.4915) imply, that even though
the effects of both the regrabbing for z axis rotation and the
repositioning of the hands for y axis rotation are significant,
the effect of regrabbing is quite a bit stronger than the effect
of having to reposition hands. One way of alleviating the
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regrabbing dilemma would be to magnify gestures so they
are not mapped 1:1 to the object manipulation.
Simple Effect of Axis of Rotation
Now that the interaction in Figure 5.4 has been analysed by
target angle in the previous section, the focus in this sec-
tion is the analysis by axis of rotation. Observing all axes
individually, the following results were obtained:
• The interaction technique was significant for every Fixed rotation is
faster, regardless of
axis of rotation.
axis of rotation. This implies that the fixed rotation
technique is faster in the ballistic phase, regardless of
the rotation axis. Together with this exact same ob-
servation for the target angle, it can be concluded that
fixed rotation is faster in the ballistic phase, indepen-
dent upon axis of rotation and target angle.
• The target angle had a significant effect on the time
spent in the ballistic phase for the z axis. The rea-
son for this significance is explained in the following
paragraph.
Significance for z Axis: The effect of the target angle on the Ballistic time is
longer for large
orientations.
ballistic phase for the z axis is shown in Figure 5.7. The time
spent in the ballistic phase seems to be higher for the larger
orientations (135◦ and 180◦) than for the other orientations.
However, Tukey’s honest significance test stated, that only
the level of the 180◦ orientations is significantly different
to the three smallest orientations (45◦, -60◦ and 90◦). The
reason for this is again the regrabbing dilemma.
5.2 Accuracy Analysis
5.2.1 Descriptive Analysis
Observing the data in a descriptive form of angular de-
viation plotted over target angle, separated by interaction
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Figure 5.7: Least square means of time spent in the ballistic
phase plotted over target angle for the rotations around the z axis.
Time for the 135◦ and 180◦ tasks is higher.
technique and axis of rotation, the following observations
were made:
• For the fixed rotation technique, there was no errorNo accumulative
error for fixed
rotation.
around the non-primary axes. This was obviously go-
ing to be the case, because the rotation is fixed to the
required (primary) axis and the user cannot manipu-
late the other (non-primary) axes.
• For fixed rotation, the error around the x and y axis
seems to remain relatively constant with small con-
fidence intervals regardless of the target angle, but
around the z axis, there seems to be more variance
of error among target angles. This fact needs further
investigation.
• There is a lot more variance of error with the free ro-
tation technique, which needs further investigation.
The mixed-model ANOVA showed that the overall accu-
racy for the fixed rotation technique was indeed signifi-
cantly better than for the free rotation technique, regardless
of target angle and axis of rotation. There were however, in-
teractions between interaction technique and target angles,
so the error analysis was also performed separated by axis
of rotation.
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5.2.2 Simple Effect of Axis of Rotation
The data was subset by axis of rotation. For each axis of Error around relevant
axis in free rotation
was not significantly
higher.
rotation, the data was analysed by error around this specific
axis. The results in Table 5.4 showed that the interaction
technique did not have a significant effect for any of the
axes. So, even though the users made a larger sum total of
error with the free rotation technique, the error around the
relevant axis was not significantly different.
The target angle did however have a significant effect on
the accuracy. Certain target angles were more accurately
achieved than others.
Mixed-Model ANOVA for Error around x Axis
Source DF DFDen F Ratio p-Value
Target Angle 4 126 6.5958 < 0.0001∗
Technique 1 126 0.6596 0.4182
Target Angle ∗ Technique 4 126 0.2368 0.9171
Mixed-Model ANOVA for Error around y Axis
Source DF DFDen F Ratio p-Value
Target Angle 4 126 4.1266 0.0036∗
Technique 1 126 1.1110 0.2939
Target Angle ∗ Technique 4 126 1.6143 0.1747
Mixed-Model ANOVA for Error around z Axis
Source DF DFDen F Ratio p-Value
Target Angle 4 126 7.7976 < 0.0001∗
Technique 1 126 0.3784 0.4182
Target Angle ∗ Technique 4 126 1.0121 0.9171
Table 5.4: Results of the mixed-model ANOVA for the error around the individual axes.
Simple Effect of x Axis
For the x axis, the -60◦ and 135◦ tasks were significantly less
accurate than the others. This is visible in Figure 5.8. The
increased inaccuracy for the target angles -60◦ and 135◦ is
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due to perspectival issues. These perspectival issues are
shown in Figure 5.9. The 90◦ task for example can be
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Figure 5.8: Least square means of error around x axis for tasks
around the x axis plotted over target angle.
Figure 5.9: Perspectival issues: (a) 90◦ task, house can be per-
fectly aligned to the grid. (b) -60◦ task, house cannot be aligned
to the grid as well.
aligned accurately to the grid so that the bottom edge ofPossibility of
alignment was
crucial for accuracy.
the red face is parallel to the horizontal grid lines. For the
-60◦ task, none of the faces can be aligned accurately to the
grid. This caused the users to be less accurate. The same
problem occurred for the 135◦ task.
Simple Effect of y and z Axis
For the y axis, the -60◦ and 135◦ tasks were significantly
less accurate as well. This is due to similar perspectival is-
sues as for the x axis rotation. The same principle applied
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to tasks around the z axis, but here it was even more pro-
nounced, because there was no grid in the vertical direc-
tion. This meant that the user could not align the object to
any grid lines, and therefore, there was more error around
the z axis.
At this point one can conclude, that the error accumu- Previous research
confirms that grid
improves accuracy.
lates around all three axes with the free rotation technique.
The error around the axis relevant to the current rotation
task is however, not effected by the interaction technique.
The accuracy is effected by the target angle, depending on
whether this task aligns accurately with the grid. This con-
firms previous research which stated that providing a grid
for 3D manipulation tasks improves the accuracy.
5.3 Axis Placement Analysis
5.3.1 Descriptive Analysis
The mean angular deviation of the placed axis to the target
axis is represented in Figure 5.10. Additionally, the angu-
lar deviation is also plotted over individual tasks in Figure
5.11.
The following tendencies can be obtained from Figure 5.10
and Figure 5.11:
• The error around x and z axis for task 14 seems to be
substantially larger than for other tasks.
• The error around the y axis seems to be particularly
low for tasks 6 to 10.
• The error around the y axis seems to be the lowest
(Figure 5.10)
These observations need further analysis, which is pre-
sented in the following section.
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Figure 5.10: Mean angular deviation for axis placement over axis of rotation. Error around
the y axis was the lowest.
5.3.2 Analysis by Angular Deviation
For this analysis, the data was subset by the three angu-Axis of rotation had
significant effect. lar deviations (angular error around the x, y and z axis re-
spectively) and the effect of the axis of rotation was inves-
tigated. The axis of rotation had a significant effect on all
three angular errors. The influence of the axis of rotation
on the angular deviation around the respective axes is de-
scribed in the following paragraph.
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Figure 5.11: Mean angular deviation for axis placement plotted over task ID. Error for
task 14 is particularly high.
The effect of the axis of rotation on the deviation around
the z axis is presented in Figure 5.12. Tukey’s honest sig-
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Figure 5.12: Effect of the axis of rotation on the angular devia-
tion around the z axis.
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nificance test showed that there was substantially less er-
ror for tasks around the y axis. This is due to perspecti-
val issues. In order to specify y correctly, the users had toAxis perpendicular to
user was hard to
align accurately.
place the axis from left to right. They could align the axis
with the grid lines going left to right. For the tasks where
they had to specify the x or z axis, it was harder to be pre-
cise due to depth perception. Without rotating the view,
it is impossible to tell whether an axis is perfectly verti-
cal or slightly tilted backwards. This dilemma was visible
whenever depth perception was necessary in order to place
the axis accurately and explains second and third point ob-
served in the descriptive analysis.
The high peak for task 14 in Figure 5.11 is due to a partic-High error for task 14
was due to a
cognitive issue.
ipant error which occurred throughout the study. Instead
of specifying the z axis, the users often specified the y axis
(see Figure 5.13). So the error for task 14 is due to a cogni-
tive issue during mental rotation.
Figure 5.13: Task 14. Common error was to specify the y axis
instead of the z axis.
At this point one can conclude that the axis could not be
specified with the same accuracy regardless of the orienta-
tion. Certain perspectives had a negative effect on the axis
placement. This has to be kept in mind when implementing
the fixed rotation technique.
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Chapter 6
Discussion and Future
Work
The main goal of this thesis was to determine whether the
advantage of a fixed rotation quasi-mode could be gener-
alised to midair interaction and thus provide evidence for
the benefits of BASH. We therefore conducted a study in or-
der to investigate the speed and accuracy with which axis
and subsequent angle specification can be performed. The
details of the study results were presented in the previ-
ous chapter (see chapter 5—“Results and Analysis”). This
chapter provides a discussion of the implications regarding
our research questions.
6.1 Discussion
After the thorough analysis in chapter 5—“Results and
Analysis”, the following conclusions regarding the two hy-
potheses of the quantitative study can be made:
Axis fixation accuracy depends on viewport perspective: The Axis fixation
accuracy depends on
perspective.
first hypothesis stated that users would be able to specify
the axis of rotation regardless of the direction. This hy-
pothesis is rejected. The accuracy of the axis placement de-
pended too strongly on perspective. During the study, the
users could not rotate the view, which would have helped
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placing the axis accurately. The inaccuracy of the axis spec-
ification is a factor which might have a key influence on
the actual usability of the fixed rotation technique in BASH.
Improvement possibilities for these perspectival issues are
discussed in section 6.2—“Future Work”.
Object rotation for 1DOF tasks was faster and more accurate with
the fixed-rotation technique: The second hypothesis statedFixed rotation is fast
and accurate. that users would be able to rotate the object faster and more
accurately using the fixed rotation technique than the free
rotation technique. This hypothesis was indeed true. The
overall accuracy of the fixed rotation technique was bet-
ter, because there was no accumulated error around several
axes. The accuracy of the task was significantly better, if the
orientation task could be aligned to the grid. This confirms
that a 3D object manipulation environment should provide
such a grid. The fixed rotation technique was faster than the
free rotation technique in both the ballistic and fine-tuning
phase. From this one can conclude that fixed rotation does
in fact present a substantial advantage for rotations around
1DOF in midair. Therefore, providing a midair interaction
design with capability of performing constrained rotation
is an improvement to that interaction design.
Mental rotation ability did not have a significant effect for 1DOF
tasks: The preliminary study described in appendix A—Mental rotation ability
has no effect. “Preliminary Study” showed that the mental rotation abil-
ity of the users did not have an effect on the completion
times. This suggests that for 1DOF tasks, BASH is indepen-
dent of the users ability to mentally rotate objects.
Generalisation of the studies is limited: The preliminary and
quantitative studies conducted for this thesis contain some
limitations. The preliminary study was only performed
with eight users. The result regarding the mental rotation
ability might not be generalisable to larger populations.
The prototype for the quantitative study only contained the
elements relevant to rotation and the camera perspective
was fixed. The results therefore cannot be generalised to
the whole interaction design BASH. The results regardingResults cannot be
generalised to all
tasks.
completion time and accuracy cannot be generalised to all
rotation tasks because the study was intentionally only con-
ducted with 1DOF tasks. Further studies as suggested in
section 6.2—“Future Work” could help in generalising the
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results of this thesis.
6.2 Future Work
This section provides a short outlook on future work and
what issues still need addressing.
The main reason why the axis could not be placed accu- Perspective is an
issue.rately was perspective. It was difficult for the user to see,
where exactly the markers representing his hands were and
whether they were correctly aligned or not. These perspec-
tival issues will persist in causing problems, particularly
when BASH is extended to multiple objects. Therefore one
needs a consistent technique of providing the user with ad-
ditional feedback about the 3D position of objects. This will
aid the user in actually being able to grab objects naturally.
Without additional feedback, users might think their hands
are immediately next to the objects even when they are not.
One way to realise this would be to provide position pegs, Provide position
pegs.as presented in Glueck et al. [2009]. These position pegs are
shown in Figure 6.1. The position of the object in the yz
plane is shown by the position of the base circle in the 2D
reference grid. Feedback on the x coordinate (height) is pro-
vided by the inner radius. The thicker the inner radius is,
the closer the object is to the grid. The stalk connects each
object to it’s respective base circle. A small cone connected
to the stalk and base circle provides additional feedback on
whether the object is above or below the reference grid.
When the position pegs have been implemented, a study Do position pegs
reduce perspective
induced error?
could be performed in order to investigate whether these
position pegs are an improvement and reduce perspective
induced errors.
As a next step, BASH needs to be implemented as a whole
according to the mathematical models presented in chapter What use is made of
fixed rotation
quasi-mode?
3—“The Interaction Design – BASH”. Only then can further
studies be conducted in order to evaluate the usability of
BASH. For example, a study could investigate how much
time the users spend in the fixed rotation mode, and for
what purpose.
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Figure 6.1: Composition of position pegs. The pegs provide feed-
back about object position in relation to the grid. (Image from
Glueck et al. [2009])
Currently, the prototype is implemented for use with Vi-
con. Therefore markers still need to be placed on the users’
hands. In future work, the prototype could be extended to
markerless tracking with the Kinect.
61
Appendix A
Preliminary Study
A.1 Prototype
The preliminary study contained two prototypes:
• The first prototype was an arc ball rotation technique
for the mouse. The users could rotate an object (a
house) with the arc ball rotation technique.
• The second prototype allowed the users to perform
fixed rotation around a given axis. The angle of ro-
tation was mapped in a linear fashion, i.e. if the user
moved his hand up or down, the angle of rotation was
mapped to the movement.
A.2 Background and Aims
The aim of this study was to investigate whether fixed ro-
tation in midair is faster than arc ball rotation with a mouse
for 1DOF tasks. The study also investigated whether men-
tal rotation ability had any effect on the achievement times
of 1DOF tasks.
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A.2.1 Hypotheses
H1: Mental Rotation has no effect on completion times for
1DOF tasks.
H2: Fixed rotation in midair is faster than free rotation
with a mouse.
A.3 Method of Investigation
The tasks where the same as in section 4.3.2—“Tasks”. The
study was performed with a “within-subject” design. The
mental rotation test was performed at the end of the study
so as not to put the users under any unnecessary pressure
before the test.
A.4 Results
Both H1 and H2 were confirmed. Completion time was
significantly faster with the midair rotation technique than
with the mouse. With this result, the prototype was ex-
tended to investigate the same thing purely in midair in
chapter 4—“Quantitative Study”.
Mental Rotation did not have a significant effect on the
completion time. There was however an interaction be-
tween technique and mental rotation. The mental rotation
ability affected the mouse completion times more than the
midair completion times, but the effect on the completion
times were not significant enough to draw any conclusions.
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Appendix B
Mental Rotation Test
Appendix B contains the contains the mental rotation test
performed with all users during the study
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Figure B.1: Mental rotation test – page 1
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Figure B.2: Mental rotation test – page 2
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Figure B.3: Mental rotation test – page 3
67
Figure B.4: Mental rotation test – page 4
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